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While window frames typically represent 20-30percent of the overall window area, their impact
on the total window heat transfer rates may be much larger. This effect is even greater in
low-conductance (highly insulating) windows which incorporate very low conductance glazings.
Developing low-conductance window frames requires accurate simulation tools for product
research and development. The Passivhaus Institute in Germany states that windows (glazing
and frames, combined) should have U-values not exceeding 0.80 W/(m??K). This has created
a niche market for highly insulating frames, with frame U-values typically around 0.7-1.0 W/
(m2 cdot K). The U-values reported are often based on numerical simulations according to
international simulation standards. It is prudent to check the accuracy of these calculation
standards, especially for high performance products before more manufacturers begin to use them
to improve other product offerings. In this paper the thermal transmittance of five highly insulating
window frames (three wooden frames, one aluminum frame and one PVC frame), found from
numerical simulations and experiments, are compared. Hot box calorimeter results are compared
with numerical simulations according to ISO 10077-2 and ISO 15099. In addition CFD simulations
have been carried out, in order to use the most accurate tool available to investigate the convection
and radiation effects inside the frame cavities. Our results show that available tools commonly
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used to evaluate window performance, based on ISO standards, give good overall agreement,
but specific areas need improvement.
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California, nor any of their employees, makes any warranty, express or implied, or assumes
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ABSTRACT

While window frames typically represent 20-30% of the overall window area, their
impact on the total window heat transfer rates may be much larger. This effect is
even greater in low-conductance (highly insulating) windows which incorporate very
low conductance glazings. Developing low-conductance window frames requires
accurate simulation tools for product research and development.

The Passivhaus Institute in Germany states that windows (glazing and frames,
combined) should have U-values not exceeding 0.80 W/(m2-K). This has created a
niche market for highly insulating frames, with frame U-values typically around
0.7-1.0 W/(m2-K). The U-values reported are often based on numerical simulations
according to international simulation standards. It 1is prudent to check the
accuracy of these calculation standards, especially for high performance products
before more manufacturers begin to use them to improve other product offerings.

In this paper the thermal transmittance of five highly insulating window frames
(three wooden frames, one aluminum frame and one PVC frame), found from numerical
simulations and experiments, are compared. Hot box calorimeter results are compared
with numerical simulations according to ISO 10077-2 and 1SO 15099. In addition CFD
simulations have been carried out, in order to use the most accurate tool available
to investigate the convection and radiation effects inside the frame cavities.

Arild Gustavsen is a professor in the Department of Architectural Design, History and Technology,
Norwegian University of Science and Technology (NTNU), Norway. Howdy Goudey is a researcher, Dariush
Arasteh is deputy group leader and Christian Kohler is a researcher in the Windows and Daylighting
Group, Lawrence Berkeley National Laboratory, CA, USA. Sivert Uvslgkk is a senior research scientist in
the Department of Materials and Structures, SINTEF Building and Infrastructure, Norway. Bjgrn Petter
Jelle is a senior research scientist in the Department of Materials and Structures, SINTEF Building and
Infrastructure, Norway, and an associate professor in Department of Civil and Transport Engineering,
NTNU, Norway. Goce Talev is a research fellow in the Department of Civil and Transport Engineering,
NTNU, Norway.



Our results show that available +tools commonly used to evaluate window
performance, based on 1SO standards, give good overall agreement, but specific
areas need improvement.

Key words: Fenestration, window frames, heat transfer modeling, U-value, thermal
transmittance, frame cavity, international standards, hot box, experimental.

INTRODUCTION

Energy use in buil dings accounts for a signif icant part of ener gy use an d
greenhouse gas emissions. New building regulations and new measures have been
introduced to improve the energy efficiency of buildings. One of t hese measures is
improved windows with a low thermal transmittance (U -value). Still, w indows use
typically 25% of the heating and cooling energy in buildings. Energy-efficient
retrofits and zero energy buildings will require windows that insulate better than
today's best windows. Such products will also increase comfort and allow the use of
more efficient and smaller HVAC systems and air distribution or hydronic systems.

Today, the best windows have a U-value of about 0.8 W/ (m?‘K). These windows are
often called passive -house windows, as windows with a thermal transmittance less
than or e qual to 0 .8 W/ (m?:K) can be certified by the Passivha us Instit ute in
Germany (Passive 2010). In order for the thermal transmittance for a window to be
found, numerical simulations or experiments are needed, in accordance with various
international standards. The standard EN ISO 12567 -1 (Thermal performance of
windows and doors - Determination of thermal transmittance by hot box method - Part
1: Complete windows and doors ) 1s usually followed for hot box calorimeter
experiments. Numerical simulations are usually carried out according to either ISO
15099 ( Thermal performance of windows, doors and shading devices - Detailed
calculations) or ISO 10077 -2 (Thermal Performance of Windows, Doors and Shutters -
Calculation of Ther mal Transmittance —Part 2: Nu merical Method for Frames ), where
ISO 15099 usually 1is considered to be the most accurate (it also bases its models
on cited references). These standards differ both wi th respect to air cavity
modeling and boundary condition treatment. In addition there are also organizations
that specify additional (and usually more de tailed rules) for how the therma 1
transmittance should be found, like the National Fenestration Rating Council
(NFRC), of which the procedures may be found in Mitchell (2006). Still, questions
are often raised regarding the accuracy of the various calculation procedures
(Gustavsen et al. 2008), and especially about their usability for high performanc e
window frames, like passive-house windows.

In this paper the thermal transmittance of five high per formance window frames
are studied in detail; one thermally-broken aluminum frame, two thermally broken
wooden frames, one partially thermally broken wooden frame, and one multi-cellular
polyvinylchloride (PVC) frame. Hot box results are compared with numerical
simulations according to ISO 10077 -2 and ISO 15099 (NFRC procedures) . In addition,
Computational Fluid Dynamics ( CFD) simulations have been carried out, to further
investigate the effect of th e convection and radiation effects inside the fram e
cavities.



WINDOW FRAMES

Five different frames were selected; one thermally broken aluminum frame (Fram e
A), two thermally broken wood frames (Frames B and C), one partially thermally
broken frame (Frame D) and one frame made of polyvinylchloride (PVC) (Frame E). The
two thermally broken wood frames (Frames B and C) h ad a the rmal break of
polyurethane (PUR) in the middle of the sill, jambs and head. The partially
thermally broken wood frame only had a thermal break in the jambs and the hea d
(Frame D). All the frames w ere of th e inward opening casement type. The windows
were chosen to include the effects which many complicate typical computer
simulations of thermal performance using ISO standards: cladding, ther mal bridging,
use of multiple materials, convection and radiation in hollow cavities, and
operating hardware.

The frames, except for Frames D and E, were tested both with a glazing and with
an expanded polystyrene (EPS) foam board (instead of glazing) in the hot box. Frame
D was only tested with a double glazing and Frame E was only tested with an
insulation panel. F rame materials and frame si zes are s hown in Table 1. T otal
window sizes and t hicknesses of EPS i nsulation panels a re shown in Table 2. The
window sizes were selected due to the dimensions of the hot box at SINTEF Buildin g
and Infrastructure in Trondheim. The frames are also further described below, wit h
figures showing the geometry and insulating elements.

Table 1. Frame Materials and Sill, Jamb and Head Sizes.
Frame Structural Insulation Sill/Jamb/Head Height [mm]
Material Material
A Aluminum Polyurethane 110 / 110 / 110
B Wood Polyurethane 138 / 119 / 119
C Wood Polyurethane 101 / 94 / 105
D Wood Polyurethane 101 / 94 / 105
E PVC Polyurethane 117 / 117 / 117

Table 2. Total Size of Window Samples Tested in Hot Box, as Well as the
Thickness of the Glazing and EPS Insulation Panel.

Frame Height fﬁi width [m] Thickness of Insulation
Panel [mm]
A 1.19 1.19 36
B 1.19 1.19 44
C 1.19 1.19 44
D 1.19 1.19 24
E 1.19 1.19 36

Window Frame A (Foam-broken Aluminum)

Window frame A is an aluminum frame where the thermal breaks are placed between
frame and sash elements , see Figure 1. A thin layer of aluminum cladding is
strategically designed to minimize direct connections between inside and outsid e,
over polyurethane solid elements . The frame U:-value is reported to be 1.0 W/ (m?-K)
(a measured value according to EN 12412-2), provided by the manufacturer.
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Figure 1Cross section of Frame A (thermally broken aluminum). The frame has the
same cross section for sill, jambs and head. The steel arrangements for
opening and closing the window are not shown in the figure, but are
taken into account in the simulations. The units in the figure are mm.

Window Frame B (Foam-broken Wood)

Figure 2 shows the various cross -sections for Frame B, which is a frame with
thermal breaks of polyurethane between wood in frame and sash elements. The thermal
short-circuits from hardware have been minimized. The frame U ¢(-value is reported to

be 0.73 W/ (m?-K), according to the producer.
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Figure 2Cross-sections of Frame B. This is a wood frame with polyurethane
thermal break. The left figure shows the sill while the right figure
shows the head and jambs cross-section. The steel arrangements for
opening and closing the window are not shown in the figure, but are
taken into account in the simulations. The units in the figure are mm.



Window Frame C (Foam-broken Wood)

Window frame C is also a thermally broken wood frame. Polyurethane is used a s
the thermal break material. According to the producer, the total window U ,-value is
0.7 W/ (m?-K) with a 3-layer glazing (it should be noted that the window U w—Vvalue
generally depends on window size). U: is not stated. The thermal short-circuits from

@Pj

hardware have been minimized.

Figure 3This figure shows the cross-sections of Frame C. The upper left figure
shows the sill cross-section, the bottom left figure shows the head and
the bottom right figure shows the jamb. The hardware for opening the
window is minimized and is not continuous throughout the frame section
and is not modelled. The units in the figure are mm.



Window Frame D (Foam Partially Broken Wood)

Frame D is similar to Frame C,

the frame/sash, see Figure 4. The
Window U -value U,

minimized.

except for the missing thermal breaks in parts of

thermal short -circuits from ha rdware have been

is 0.9-1.2 W/ (m?'K) according to pro ducer. Frame U -

value Uf is not stated.

Figure 4Cross-sections of the partly insulated wood Frame D. The sill

N
J
-
,

is shown

in the upper left figure, the head cross-section is displayed in bottom
left figure and the jamb is shown in the bottom right figure. The
hardware for opening the window is minimized and is not continuous
throughout the frame section. It is therefore not modelled. The units

in the figure are mm.



Window Frame E (Multi-cellular PVC)

Window frame E is a PVC window with strategically placed air cavities. Some of
the cavities are fi lled with foam. The frame/sash profile area has been minimized.
In addition, the thermal short-circuits from hardware have been reduced. According
to the frame producer the frame Us-value is 0.71 W/ (m? "K) .
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Figure 5Cross-section of Frame E. The sill, jambs, and head have the same
cross-section. The steel arrangements for opening and closing the
window are not shown in the figure, but are taken into account in the
simulations. The units in the figure are mm.

EXPERIMENTAL PROCEDURE

The measurements were carried out ac cording to EN ISO 12567 -1 which 1is an
international standard for d etermining thermal transmittance (U-value) of w indows
and doors by use of a hot box calorimeter . A picture of the external view of the
guarded hot box is shown in Figure 6. Figure 7 displays the external view of one of
the windows, as mounted in the hot box.

The windows, that were tested both w ith an in sulation panel and /or a glazing,
were mounted into a surround panel o f 100 mm EPS and p lywood, see Figure 7. The
metering area of t he hot box is 2.45 m x 2.45 m, and t he window is place d in a
normal position in a wall at a distance of 1.0 m from the floor to the lower edge
of the frame. The tests were performed at steady state conditions at temperatures
of 420 °C and 0 °C at the indoor and outdoor sides, respectively. U-values at the
center of the glaz ing units were measured by use of a 1l-mm-thick heat flow meter
(HFM) fixed to th e warm side of the glazing unit. Surface temperatures along the
vertical centerlines on both sides of the glazing unit were measured by use o f
thermocouples.



In the me tering box there w as natural convection. In t he cold b ox there was
forced convection between the window and the baffle by use of fans. The upwar d
airflow parallel to the surface of the specimens was adjusted according to EN ISO
12567-1 p rocedures giving a total average s urface re sistance (Ry; + R 4) of
0.17 (m2?-K)/W.

Figure 6Photo of hot box. The cold chamber is to the right and the warm chamber
is to the left. The metering area of the hot box is 2.45 m x 2.45 m.

Figure 7View of Frame A with glazing mounted in the hot box. The window is seen
through an open door (which 1is closed during measurements) in the
baffle panel on the cold (outdoor) side of the hot box. Thermocouples
are used to monitor air and surface temperatures for the specimens.



NUMERICAL PROCEDURE

The numerical simulations were performed with a finite -element method (FEM )
simulation program (Finlayson, 1998) and a computational fluid dynamics (CFD)
program (Fluent, 2005). The FEM too 1 solves the dif ferential equa tions in tw o
dimensions, while t he CFD pr ogram can solve th e equations in bot h two and three
dimensions. Both programs are further described below.

Simulations with the FEM tool

A finite —element method (FEM) was used to solve the conductive heat -transfer
equation. The qu adrilateral mesh is automatically generated. Refinement wa s
performed in accordance with section 6.3.2b of ISO 150 99 (ISO 2 003). The energy
error norm was le ss than six percent in al 1 cases, which has been shown to
correlate to an error of less than one percent in the total thermal transmittance
of typical windows . More information on the thermal simulation program algorithms
can be found in Appendix C in Finlayson et al. (1998). The FEM program u ses
correlations to model convective heat transfer in air cavities, and view factors or
fixed radiation coefficients can be used to calculate radiation heat transfer. The
convection and radiation coefficients for the frame cavities were calculated
according to ISO 15099 (these procedures are also repo rted in Gustavsen et al.
2005), and procedures prescribed by Mitchell et al. (2006).

Surface temperatures of cavity walls are among the parameters used to find the
equivalent conductivity for frame cavities. At the start of a numerical simulatio n
these temperatures are set to predefined values that do not necessarily reflect the
final temperature distribution of the simulated frame. To find the correct
equivalent conductivity for each cavity, cavity wall temperatures have to be

adjusted during the calculati on. In the FEM program, this ad Jjustment is made

automatically, and the temperature tolerance is 1°C (this value is the same in ISO
15099) . Thus, when two successive iterations produce temperatures within 1°C of the
previous run for all cavity walls, the criterion is satisfied. (In the CFD program,

the air cavity wall temperatures also are found as a part of the solution process.)

CFD Simulations

In the CFD program (Fluent, 2005) a control-volume method is used to solve the
coupled heat and fluid -flow equati ons in two and three dimensions . Conduction,
convection, and rad iation are simulated numerically. GAMBIT 2.3.16 was us ed as a
pre-processor to create the window frame model and to ¢ onstruct the computationa l
domain.

The head and the sill cross-sections were simulated in two dimensions, while the
jambs were simulated in thr ee dimensions. Three dimensions are necessary for th e
jambs because of the three-dimensional nature of the flow for such frame members.

The maximum Rayleigh number found for the frame cavities is about 2x10°. For the
two-dimensional frame members (head and sill sections) the frame cavities have
vertical-to-horizontal (L,/L,) aspect ratios lower than about six . For such Rayleigh
numbers and aspect ratios, Zhao (1998) reports steady laminar flow. For the three-
dimensional jamb se ctions th e vertica l-to-horizontal asp ect ratio might be much
larger (Ly/Ly, of about 40 - 100). For two-dimensional cavities with such aspect



ratios both multi -cellular and turbulent flow might occur. However, for thre e—
dimensional cavities with a high ve rtical-to-horizontal and a low horizontal -
horizontal aspect ratio (W/L, of about 1, see Figure 11) Gustavsen and Thue (2007)
indicate that laminar flow occurs for some re ctangular geometries similar to th e
ones found in vertical window frames. Although most of the cavities presented are
not rectangular, incompressible and steady laminar flow is assumed. Further,

viscous dissipation is not addressed, and all thermophysical propert ies are assumed
to be con stant except for t he buoyancy term o f the y -momentum equation where the
Boussinesq approximation is used. The Semi -Implicit Method for Pressure -linked
Equations Consistent (SIMPLEC) was used to model the interaction between pressur e
and velocity. The energy and momentum variables at cell faces were found by using
the Quadr atic Upst ream Inte rpolation for Conv ective Ki netics (Q UICK) scheme. In
addition, the CFD program uses central differences to approximate diffusion terms
and relies on the PREssure Staggering Option scheme (PRESTO) to find the pressure
values at the cel 1 faces. PRESTO is similar to the staggered grid a pproach
described by Patankar (1980). Convergence was determined by checking the scaled
residuals and ensuring that they were less than 107’ for all variables.

Radiation heat transfer was included in the simulations through use of the
Discrete Transfer Radiation Model (DTRM), which relies on a ray —-tracing technique
to calculate surface -to-surface radiation. The internal cavity walls were assum ed
to be diffuse gray, and air did not interact with the radiative process.

Prior to the final simulations, some grid sensitivity tests were performed on
the sill section of F rame E (the PVC frame). Grid sizes of 0.5, 1 and 2 mm were
tested. The frame U-values only change by 0.3% from the finest to the coarses t
mesh. Because it was determined that this d ifference in grid size wa s not
significant, we used a grid size less than or equal to 2 mm in the final
simulations for all of the frames. For the thr ee-dimensional cases (the ja mbs) a
mesh size of 1 cm was used in the vertical direction.

The effect of increasing the number of rays in the radiation heat -transfer
algorithm of the CFD code was also tested. Doubling the number of rays o nly
resulted in a 0.l-percent change in the frame U-factor.

U-value Calculation

As noted above, the windows were measured with both an insulation panel and a
glazing (except for Frame D that was measured with a glazing and Frame E that was
measured with an insulation panel). In the simulations however, only windows wi th
insulation panels have been modeled.

The frame U-values, Ug, we re calculated from the fol lowing equation, as
prescribed in ISO 15099 and ISO 10077-2:

L’ ~U_-b
f
Uf L (1)
by
In Equation (1), LfD is the thermal conductance of the entire s ection (with
insulating panel), U, is the thermal transmittance of the insulation panel, b, is

internal side exposed length of the insulation panel, and by is the internal side

10



projected length of the f rame section. Frame A is shown in Figure 8, where th e
glazing is replaced with an insulation panel. In both the simulations and
experiments the insulation panel was projecting 15 mm into the frames. That is, the
distance is 15 mm from the highest point of the frame on the indoor side, excluding
the glazing gasket, to the bottom of the insu lation panel. At t he same t ime the
insulation panel was projecting 190 mm outwards from the same point.

All frames were drawn using computer-aided design (CAD) files as under lay. Some
minor differences may therefore be found between the geometries in the two
simulation programs, as different simplifications may be necessary to make a fi le
that may be simula ted in th e two pro grams. Double prec ision was used in Dboth

programs.
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glazing. The units in the figure are mm.
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Material Properties and Boundary Conditions

Table 3 displays the material properties used in the numerical simulations. Some
of the data is from the frame manufacturers, when reported. When data was no t
supplied, material data from ISO 10077-2 was used. The emissivity of all untreated
aluminum surfaces was set to 0.2. An emissivity of 0.9 was used for painted
surfaces, and 0.8 for anodized surfaces.

The thermal conductivity of the thermal break material (polyurethane) of Frame A
was not reported by the manufacturer. However, a density of 400 kg/m’ was specified
for this material. As shown in Table 3, several conductivities are published for
such a material. In the simulations we have used three different values,
0.03 W/ (m-K) (a low value in the reported range) and 0.089 W/ (m-K) (considered to
be a more appropriate value, based on a linear interpolation of c onductivities for
polyurethane materials with greater and lesser densities than the reported
400 kg/m®), and 0. 121 W/ (m:K). When frame and window U-values are reported, a
conductivity of 0.089 W/ (m-K) is used, unless o therwise stated. The frame U:-value
reported by the manufacturer was based on measurement, so the conductivity
uncertainties should not hav e any inf luence on their re ported U-value. In late r
studies one should consider measuring the conductivity of this material to ma ke
sure that the input data is correct.

The air p roperties used in the CFD simulations were evaluated at the mean
temperature of indoor and outdoor air (being 10°C) and at an atmospheric pressure
of 101 325 Pa, see Table 4. The standard acceleration of gravity, 9.8 m/s?, was used
in all calculations . For the hot box experiments the mean temperature was also
10°cC.

Simplified ISO 10077 -2 boundary conditions, shown in Table 5, were used in the
CFD simulations. The surface heat transfer coefficients combine for a total surface
heat transfer resistance of 0 .17 (m?‘K)/W, which is the s ame value used in the hot
box exper iments (s ee als o c hapter on experime ntal proc edure above). In t he FEM
simulations, two types of boundary conditions were used, a fixed coefficient as in
the CFD s imulation and a m ore sophisticated model (based on th e NFRC 10 0-2001
boundary conditions) as prescribed by Mitchell (2006). The exterior side boundary
condition uses a fixed convection coefficient. In addition, the radiation portion
of the surface heat transfer is calcu lated for each segment, as if it views only a
blackbody enclosure of the exterior temperature. The interior side boundary
condition also evaluates the radiation exchange for each surface segment separate
from a fixed convection coefficient, using a more sophisticated view factor
radiation model that includes the effects of self-viewing surfaces of the frame and
foam glazing panel. These NFRC style radiation boundary conditions (used with O °C
and 20°C outside/inside temperatures) were used when comparing FEM simulations to
hot box results, while the simplified CEN coefficients were used when comparing CFD
to FEM results.

12



Table 3. Conductivity and Emissivity of the Materials Used in the Frame

Sw NN

From Pur (2009): Thermal conductivity A:
be 0.25 (density equal to 1200 kg/m’).

surfaces.

Sections
Material Frame Density Emissivity~ Thermal
[kg/m?] [-1 Conductivity
[W/(m K)1
Aluminum A 0.2/0.9° 160
EPDM (all gaskets) A 0.9 0.25
Polyurethan - A 400? 0.9 03%* /0.089/0.121
Hartschaum ("EP
2718-5",
Rohdichte)
Steel, oxidized A 0.8 50
(hardware)
Extruded A 33! 0.9 0.029
polystyrene (XPS)
Acrylic (gasket B 0.9 0.2
between frame and
glazing)
Aluminum, anodized B 0.8 160
EPDM (gasket B 0.9 0.25
between the solid
parts of the
frame)
Fiberglass B 0.9 0.231
Polyurethane B 0.9 0.029
Steel, oxidized B 0,8 50
(hardware)
Wood B 0.9 0.12
Aluminum C, D 0.2 160
EPDM (gasket C, D 0.9 0.25
between frame and
glazing)
Nordic pine C, D 0.9 0.12
Polyurethane 120M C, D 0.9 0.029
Schlegel QLon C, D 0.9 0.03
(gasket between
the solid parts of
the frame)
Basotec (frame E 0.9 0.035
cavity filler)
EPDM (all gaskets) E 0.9 0.25
PVC E 0.9 0.17
Steel, oxidized E 0.8 50
(hardware)
Insulation Panel A-E 0.9 0.035
. As noted by the manufacturer.
Estimated values - not stated in the documentation or reported by the manufacturer.

0.020-0.030 W/ (m"K) .

. Emissivity of 0.9 is used for painted exposed surfaces while 0.2 is used for untreated

. ISO 10077-2, CEN (2003) notes that the design thermal conductivity of ri gid polyurethane should

13
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Table 4. Air Properties Used in the CFD Simulations

(Tin+Tout)/2 A Cp u P ﬁ
[°C] [W m—l K—l] [J kg—l K—l] [kg m—l S—l] [kg m—3] [K—l]
10.0 0.02482 1005.5 1.7724x107° 1.2467 3.5317x107°

Table 5. Boundary Conditions (BC) Used in the Simulations

Description Temperature Heat Transfer
T [°C] Coefficient
h [W/mZK]
CFD and FEM simulations (CEN)
Inside boundary condition 20.0 (293.15 K) 7.692
Outside boundary condition 0.0 (273.15 K) 25.0

FEM simulations (NFRC

radiation)
Frame inside boundary condition 20 2.44 + radiation,
with self-viewing
Frame outside boundary 0 26 + radiation,
condition with no self-
viewing

RESULTS

This chapter presents the experimental and numerical results. Table 6 displays
the whole window U ,-values and the ce ntre-of-glazing U -values from the hot box
measurements (original glazing installed). The centre -of-glazing U-value is based
on measurements with a 1 -mm-thick heat flow m eter - HFM, and is not equa l to the
centre-of-glazing U-value found from calculations according to standards like I SO
15099. The reason for this is that the natural convection correlations used in such
standards also inc lude the additional heat los s taking place close to the Dbottom
and top of the glazing cavity. The metering area of the HFM is 50 mm. This U-value
is still useful for obtaining information about the glazing itself. Frame E was not
measured with a glazing.

Table 6. The Table Shows the Whole Window U,-values from the Hot Box Measurements
and the Centre-of-glazing U-value Based on Measurements with a 1-mm-thick
Heat Flow Meter — HFM.

Uw; with glazing, hot box Ucentral—glazing, hot box
Frame [W/meK] [W/mK]
A 1.20 0.89
B 0.78 0.74
C 0.84 0.66
D 1.3 1.25
E n.a. n.a.

Table 7 shows the U,-values from the hot box e xperiments where an insulation
panel is installed in the frame. Frame D was on ly measured with a glazing. Table 7
also shows the U,-values from the CFD and FEM simulations where an insulation panel
was installed in the frames. The F EM numerical results are c alculated in the
simulation program THERM and WINDOW.
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Figure 9 shows the window U ,-value plotted as a function of the thermal break
conductivity for Frame A. Conductivities of 0.3, 0.089 and 1.121 W/mK are used. The
results are discussed further below.

Table 8 displays the U:-values for the individual frame members (sill, jamb and
head) from CFD and FEM simu lations, and the d ifference between these results. In
both codes fixed surface coefficients and the same material properties were used
The main difference is that the CFD code sim ulates fl uid flow 1inside th e air
cavities and uses advanced ray -tracing techniques to calculate thermal radiatio n,
while the FEM tool wuses sim plified correlations for rad iation and convection. In
the FEM s imulations the air cavities are treated according to NF RC rules and ISO

15099.

Table 7. Table Shows Whole Window U,-values from Hot Box Measurements, CFD and
FEM Simulations, where the Glazing Has Been Replaced with an Insulation Panel
Uw; with insul. panel, hot box Uw; with insul. panel, CFD Uw; with insul. panel, FEM
Frame W/ (m2-K)] W/ (m?-K)] W/ (m2-K)]

A 0.99 0.992 1.036
B 0.68 0.698 0.723
C 0.70 0.727 0.749
D n.a. 1.166 1.171
E 0.75 0.811 0.829
1,2
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Figure 9. Graph of whole window U,-value (with insulation panel) versus the
thermal break conductivity for Frame A.
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Table 8. Window Frame Us-values from FEM and CFD Models. Results for Windows
with Insulation Panel Only. Two Thermal Break Material Conductivities Were
Simulated for Frame A; 0.03 W/(mK) Denoted “1” and 0.089 W/mK Denoted ‘2.

Frame Uf, ceo LW/ (M%-K)] U, rew [W/(Mm*-K)] % difference
A sill 1 0.820 0.870 6.1
A jamb 1 0.811 0.900 11.0
A head 1 0.811 0.839 3.5
A sill 2 1.401 1.412 0.8
A jamb 2 1.385 1.494 7.9
A head 2 1.393 1.395 0.1
B sill 0.6706 0.7406 10.4
B jamb 0.704 0.870 23.06
B head 0.084 0.751 9.8
C sill 0.836 0.874 4.5
C jamb 0.802 0.925 15.3
C head 0.768 0.831 8.2
D sill 1.344 1.394 3.7
D jamb 1.105 1.192 7.9
D head 1.076 1.116 3.7
E sill 0.768 0.812 5.7
E jamb 0.752 0.865 15.0
E head 0.701 0.812 6.7
DISCUSSION

Windows with Glazing Unit — Hot Box Results

From Table 6 it can be seen that specimens B and C have the lowest overal 1
thermal transmittance (Uy; with glazing, hot box)r eing below 0.84 W/ (m?-K), with a three-
layer glazing. These frames are made of wood with polyurethane as a thermal break
in sill, head and jambs. These values can be a nticipated from the data supplied by
the manufacturers. Both frames are supposed to satisfy the Passive house
requirements of windows with an U,-value less than 0.8 W/ (m?‘K). Discrepancies may
be because of window size (the Passive house requirement applies for window sizes
of 1.23 m x 1.48 m, while the tested samples in this work were about 1.2 m x 1.2 m)
and glazing uncertainties (gas concentration and glass coating uncertainties). With
a triple glazing, the glazing will (usually) have a lower U-value than the frame,
and thus as the total window size increases the window U,-value will decrease.

The aluminum window frame A, however, has a higher U-value than expected. This
window should also comply with the Passive house Institute requirements. The reason
for this rather high value 1is probably due to a probab le puncture of the glazing
during transport leading to t he heavy gas (Krypton) having leaked o ut, or that the
glazing did not have the anticipated specifications (low -e coatings). This shows
that it is important to treat the glazing with care, and that it is impor tant that
the glazing matches the required specifications.

The wood frame D, that is partially insulated (sill does not have a polyurethane
break), has a thermal transmittance of 1.3 W/ (m 2.K) with a double la yer glazing.
This is outside the range specified by the manufacturer ( U, between 0.9 and 1.2
W/ (m”K)) .

Frame E was not measured with a glazing.
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Windows with Insulation Panel — Hot Box and Numerical Results

Table 7 shows the results for the frames with an insulation panel installed. Hot
box, FEM and CFD r esults are presented. Here the uncertainty of the glaz ing’s
thermal performance has been removed since the glazing has been replaced with an
expanded polystyrene p anel (with a th ermal conductivity measured in a ho t plate
apparatus). By looking at the hot box experiments it can be seen that the woo d
frame specimens (B, C) have the lowe st thermal transmittance (U ,~value around 0 .7
W/ (m?-K)) while the PVC frame (E) has a slightly higher thermal transmittance (U,-
value around 0.75 W/ (m?‘K)). The aluminum frame (A) has an U,-value of 0.99 W/ (m® K).
This relative performance is only true for this series of five windows and no tren d
of material type vs. performance can be e xpected based on this data; design as well
as material choice is important in ultimate performance. By comparing the hot box
and numerical U ,-results, it can be s een that most of the numerical results fr om
both the FEM and C FD programs are hi gher than the experimental results. Fu rther,
the CFD results compares better with the hot box results than the FEM results. Not e
that a di rect comparison between the FEM and CFD results can no t be done because
different boundary conditions are us ed in the se U, simulations. However, the same
boundary conditions are used for the U :¢-results, being compared below , and the
impacts of slightly different boundary conditions with high performance products is
minimal. The reason for the difference in numerical and experimental results may be
due to uncertainties in cavity correlations (radiation and/or convection) in the
numerical simulations or in the boundary conditions; the results is studied further
below to examine this in more detail.

Figure 9 shows the effect of using various thermal conductivities for th e
thermal b reak mate rial of F rame A. A nd as see n from th e figure, changing the
conductivity from 0.03 to 0.121 W/ (mK) results in a change in the window U ,-value
from about 0.85 to about 1.1 W/ (m?-K)). This shows the importance of using the
correct material properties when calculating the thermal performance, and also the
potential for impr oving the frame th ermal performance by using materials with a
lower conductivity.

CFD and FEM Ug-value Comparison

In Table 8 the CFD and FEM U ¢-values are compared for the individual frame
members (sill, jambs and head). The main differences between the two models in
these simulations are the cavity modeling. The CFD code has previously been proven
to produce good results (Gustavsen et al. 2001).

For all simulations it is noted that the FEM tool produces U -values that are
slightly higher than the CFD code. It can further be seen that the differenc e
between the FEM and CFD code seems to be lowest for window frames with the highest
U-values (Frame D a nd Frame A, where the thermal break is simulated with a higher
conductivity of 0.089 W/ (m -K)). This indicates that the inaccuracies in the fra me
modeling get more important as the frame U:-value decreases. And since the thermal
conduction is quite straight forward to model, it is probable that the inaccuracies
are a result of the correlations used for the frame cavities.

Another interesting observation can b e seen for all the jamb res ults. The CFD
results indicate that the U-value should be lower for jamb frame members than for
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the other frame members (if the frame cross -sections are otherwise identical). This
is consistent with the expectation that thermal convection effects are slightly
smaller for vertical frames cavitie s (jambs) than for horizontal frames cavities
(head and sill). The thermal radiation effects, on the o ther hand, should be quite
similar, if the cro ss-section of the cavities looks about the same . In particular,
frames A and E clearly demonstrate this effect, because the equal cross-section for
sills, heads and jambs are only distinguished by cavity orientation. In contras t,
the FEM r esults in dicate hi gher U -values for Jjamb orie ntations and the 1 argest
discrepancies between CFD and FEM are the jambs.

To explain the difference in results between the CFD and FEM code based on ISO
15099, the radiation and natural convection correlations of ISO 15099 needs to be
examined in more detail. For frame cavities the effective conductivity, which
accounts for both radia tive and convective heat transfer, should be calculated

according to

ﬂ’eff :(hcv+hr)xd <2)
where Jesg 1S the effective conductivity, hey 1is the convective heat transfer
coefficient (found from Nu sselt number correlations), h, is t he radiative he at

transfer coefficient, and where d is the thickness or w idth of t he air ca vity in
the direction of heat flow. The radiative heat transfer coefficient h, is

h = 46T§,
i+i—2+ L
€ gch 2
£ A PO

2l (L) | .

1
cc 2

This equation is developed for a two-dimensional rectangular cavity having height L,
and length L,, and where the heat flow direction is in the horizontal direction. The
average temperature T, is equal to (Tee + Ten) /2, where T, is the temperature of the
cold side and Tg 1s the te mperature of the hot (warm) side of the cavi ty. The
symbols g and gpn are the e missivities of the cold and hot (warm) sides o f the
cavity, respectively. If the heat flow direction is vertical, then the inverse of
the ratio Ly/L, shall be used.

The radiative heat transfer coefficient h, is plotted as a function of t he
vertical aspect ratio Lp/Ly in Figure 10, and as expected the ra diative heat f1l ow
coefficient increases as a f unction of the vertical aspect ratio L,/L,. But since
Equation 3 is deve loped for two-dimensional flow this will be v alid for cavities
where the width W of the cavities is very large compared to the length L, separating
the hot and the cold walls. For the three -dimensional cavities typically found in
jamb sections of window frames (see Figure 11), the width W of the cavities will be
of the same order as the length L, separating the hot and the cold walls. Thus, for
jambs the ratio L,/W should be used to calculate the radiative coefficient instead
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Lh,/Ly. This illustrates the need for ISO 15099 to be up dated to correctly use W
instead of L, for jambs. The authors of the FEM tool are aware of this issue, and
are in the process of addressing this discrepancy in their software tool.
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Figure 10 The radiative heat transfer coefficient as a function of L.,/L, for a
two-dimensional cavity.
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Figure 11 Three-dimensional representation of a frame cavity. To find the heat
transfer correlations used in 1SO 15099, the length L, is assumed to
separate two isothermal walls. For both the convection and radiation
correlations in 1SO 15099, W is assumed to be much higher than L.
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The natural convection correlations in ISO 15099 are also a result of studies of
cavities where the width W of the cavities are much higher than the length L,. This
will also result in higher heat tr ansfer rates for jamb sections when the
calculations are based on these ISO 15099 correlations compared to three -
dimensional CFD sim ulations where the actual f rame cavity is con sidered. This is
also shown in Figure 12 where the Nusselt number is plotted as a function o f
Rayleigh number Ra and horizontal aspect ratio W/L, for a cavity where the vertical
aspect ra tio Ly/L, is equa l to 4 0 (Gustavsen and Thu e, 2007). Nusselt number
correlations valid for cavit ies typic ally foun d in jamb s have be en propos ed by
Fomichev et al. (2007) and Gustavsen and Thue (2007).

—6— Ra = 1x10°
—<— Ra = 2x10°
14} | —*— Ra=5x10° 1

—%— Ra = 1x10*
—0— Ra = 1.42x10%

Figure 12 Average Nusselt number plotted as function of the Rayleigh number, Ra,
and for different horizontal aspect ratios, W/L,. The vertical aspect
ratio, L,/L,, is equal to 40. The symbol L in the figure is equal to L,
in Equation 3 and Figure 11 — the length separating the two isothermal
walls. The figure is from Gustavsen and Thue (2007).

CONCLUSIONS AND FURTHER WORK

This paper compares hot box experiments, finite element method calculations
(with air cavity treatment according to the window calculation standard ISO 15099 )
and computational fluid dynamics simulations of heat transfer in high performance
windows and window frames. The results show that there are quite some differences
between the various me asurement and simulation techniques, but that some of the se
differences might be explained by uncertainties in the underlying correlations that
are used to calculate frame cavity heat transfer. The results indicate that there
are larger uncertainties (inac curacies) for go od frames (low U :-value) than f or
poorer frames (higher Ugs-values). Further studies will be performed to investigate
these results in more detail.
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Specifically, we suggest:

e ensuring proper testing of the thermal conductivity of materials,
especially for thermal breaks;

e ISO 15099 should be updated to correctly calculate radiation heat transfer
in vertical frame cavities (found in jambs);

e the natural convection correlations proposed for jamb cavities in IS O
15099 sho uld be ¢ hanged to correlat ions taki ng the t hree-dimensional
nature of the fluid flow in such cavities into account;

e further work on the impacts of penetrating operating hardware on hig h
performance frames as the products chosen all had effective thermal breaks
around the hardware.

ACKNOWLEDGEMENT

This work was supported by the Assistant Secretary for Energy Efficiency and
Renewable Energy, Office of Building Technology, Building Technologies Program of
the U.S. Department of En ergy under Contract No. DE -AC02-05CH11231 and by th e
Research Council of Norway within the research project MOT - "“Modern Wood Windo w
Frames with Surface Treatment”.

REFERENCES

EN 12412 -2. 2003. EN 12412 -2:2003 Thermal performance of windows, doors and
shutters - Determination of thermal transmittance by ho t box method - Part 2:
Frames, European Commette for Sandardization (CEN).

EN ISO 10077-2:2003, Thermal performance of windows, doors and shutters —Calculation
of thermal transmittance, Part 2: Numerical method for frames. Brussels,

Belgium: European Committee for Standardization.

EN ISO 12567-1. 2000. ISO 12567-1:2000 - Thermal performance of windows and doors -
Determination of th ermal tra nsmittance by hot box method - Part 1: Compl ete
windows and doors. Geneva: International Organization for Standardization.

Fluent 2005. FLUENT 6.2 User's Guide. Lebanon, UK: Fluent Incorporated.

Finlayson, E., R. M itchell, D. Arasteh, C. Huizenga, and D. Curcija. 1998. THERM

2.0: Program description. A PC program for analyzing the two -dimensional heat
transfer through building products. Berkeley, California: University of
California.

Fomichev, A., Curcija, D.C., Balagurunathan, B., and Stocki, M. 2007. Investigation
of heat transfer effects of sloped and ventilated internal cavities of frami ng
systems, Final Report. Amherst: Center for E nergy Efficiency and Renewable
Energy, University of Massachusetts.

Gustavsen, A., Arasteh, D., Jelle, B.P., Curcija, C., and Kohler, C. 2008.

Developing Low -conductance Window Frames: Capabilities and Limitations o f
Current Window Heat Transfer Design Tools - State-of-the-Art Review, Journal of
Building Physics, Vol. 32(2): 131-153.

Gustavsen A., Gri ffith B.T., and A rasteh, D. 2001. Three-Dimensional Conjugate
Computational Fluid Dynamics Simulations of I nternal Window Frame Caviti es
Validated Using Infrared Thermography, ASHRAE Transactions, Vol. 107 (2) : 538-
549.

21



Gustavsen, A., C. Kohler, D. Arasteh, and D. Curcija. 2005. “Two -Dimensional
Conduction and CFD Simulations of Heat Transfer in Horizontal Window Frame
Cavities.” ASHRAE Transactions, Vol. 111 (1l): 587-598.

Gustavsen, A. and Thue, J.V. (2007). Numerical simulation of natural convection i n
three-dimensional cavities with a high vertical aspect ratio an d a low
horizontal aspect ratio, Journal of Building Physics, Vol. 30(3): 217-240.

ISO 10077-2. 2003. Thermal Performance of Windows, Doors and Shutters —Calculation
of Thermal Transmittance —Part 2: Numerical Method for Frames. Geneva:
International Organization for Standardization.

ISO 15099. 2003. Thermal performance of wind ows, doors and s hading devices -
Detailed calculations. Genev a, Switze rland: In ternational Organiz ation fo r
Standardization.

Mitchell, R., Kohler, C., Arasteh, D., Carmody, J., Huizenga, C., Curcija, D. 2006.
THERM 5.2 / WINDO W 5.2, N FRC Simulation Manual. CA, USA: Lawrence Berkeley
National Laboratory.

Pur 2009. http://www.waermedaemmstoffe.com/htm/pur.htm (valid 2009-12-23).

Passive 2010. The website www.passiv.de (valid 2010-03-06).

Zhao, Y. 1998. Investigation of heat transfer performance in fenestration system
based on finite element methods. Ph.D. dissertation. Massachusetts: Departme nt
of Mechanical and Industrial Engineering, University of Massachusetts, Amherst.

22


http://www.waermedaemmstoffe.com/htm/pur.htm�
http://www.passiv.de/�

